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Abstract: We demonstrate tunable pulling and pushing optical forces on plasmonic 
nanostructures around Fano resonance. The plasmonic nanostructure containing a spherical 
core with optical gain and a metallic shell shows much larger optical pulling force than a pure 
gain sphere. One can obtain large field enhancement and giant pulling force at the emerged 
quadrupole mode. The introduction of optical pump compensate the dissipative loss from 
metal shell, thus enable the strong coupling between a narrow quadrupole mode and a board 
dipole mode, giving rise to Fano resonance. The giant negative forces origin from the reversal 
of electric field at Fano resonance, which lead to pulling force on bound currents and charges. 
Meanwhile, the separation of the Lorentz force helps to reveal the nature of the pulling forces 
in gain system. We have shown that by applying the Lorentz force density formula, it is 
possible to obtain the correct value of the force inside our complex inhomogenous structure 
made up of dispersive and lossy metamaterial irrespective of the electromagnetic momentum 
density. Our results provide a practical way to manipulate nanoparticles and give deep insight 
into light-matter interaction. 
OCIS codes: (020.7010) Laser trapping; (290.4020) Mie theory; (290.5825) Scattering theory. 
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1. Introduction 
An object is usually pushed by electromagnetic waves[1] due to the fact that the scattered 
radiation cannot be unidirectional. In general, the momentum transferred to the object is more 
than that scattered by the object in the propagation of plane waves. To obtain pulling force, 
one may reduce the input momentum or increase the forward scattering[1]. Employing 
optimized multiple plane waves with oblique incidence angle[2] one can reduce the input 
momentum along the z axis while maximizing the forward scattering. Instead of using 
multiple plane waves, Chen et al[3] proposed to realize optical pulling force via a Bessel light 
beam, which can project less photon momentum along the propagation direction and increase 
the forward scattering by the interference between multipoles of the particle. A proper 
gradientless Bessel beam can pull desired particles along both radial and longitudinal 
directions as a tractor beam[4-7], and recently another type of tractor beam has been 
demonstrated experimentally using a Gaussian beam[8]. Optical solenoid beams also possess 
the capability to exert a pulling force on microscopic objects[9]. Besides, light fields with 
phase gradients[10], optical vortices[11, 12], or nonuniform helicity[13] can be exploited for 
optical manipulation in alternative approaches. These proposed optical beams have promising 
applications in optical capture, transport and sorting various objects, such as biological 
molecules and living cells[14-16]. However, complex beams have their limitations in the 
amount of control that can be exerted. Due to unintended intensity variations[9] or short 
working distances[8], objects can be dragged only for several micrometers. In addition, it is 
still a big challenge to experimentally generate strong nonparaxial Bessel beams or uniform 
solenoid beams.  
While it is usually considered impossible to attract particles with a uniform 
electromagnetic plane wave, linear momentum of light can be amplified and shows a pulling 
force when scattered from a lower refractive index medium into a higher one or passing 
through an object with gain[17, 18]. For a active system due to the momentum conservation, a 
tiny negative optical force is exerted on the stimulated gain medium that scatters extra 
momentum in the forward direction. However, it is difficult to stably manipulate particles 
with small optical forces because of their susceptibility to Brownian motion[19]. Enhanced 
optical forces were found on nanoparticles at the localized surface plasmon resonance[20, 21]. 
Hence, similar effects are expected at gain-assisted surface resonances and plasmon 
singularities. Meanwhile, plasmonic nanostructures are good candidates to sustain various 
plasmon resonances[22, 23]. The interaction between resonances in a nanoscale plasmonic 
system may give rise to Fano resonances, which were observed in both symmetric[24-27] and 
asymmetric[28] nanostructures. Due to their unique inherent sensitivity, Fano resonances 
have promising potential applications in ultrafast switches chemical sensors[29], all-optical 
light modulation[30] and sorting nanoparticles[31-33]. 
 In this paper, we report enhanced optical pulling and pushing forces on an active 
plasmonic nanosphere around the Fano resonance. The active nanostructure is composed of 
an active core and a metallic shell. This type of plasmonic lasing nanostructure also features a 
low plasmonic lasing threshold[34]. When a uniform plane wave is incident upon the coated 
nanoparticle, the pulling force can be much larger than that exerted on a single active 
sphere[17] due to the field enhancement in the nanostructure. By tuning the radius of gain 
core, the subradiant quadrupole mode can be red-shifted to couple with the superradiant 
dipole mode, giving rise to Fano resonances. Remarkably, the pulling force can be enhanced 
by two orders of magnitude due to the strong field enhancement and the dominant negative 
Lorentz force on bound currents and charges at the Fano resonance. 
2. Results and discussion 
We consider a core-shell nanosphere with an active (gain) core and a subwavelength 
plasmonic (metallic) shell, surrounded by a homogeneous medium (see Fig. 1a). The relative 
permittivity of the metallic shell is described with the modified Drude model[35]. The gain 
effect of sphere core can be realized by semiconductor material or dye molecules with 
external pumping[36]. In this paper, we model the gain material as four level atomic system, 
such as fluorescent dye molecules[37, 38], 
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where r 2.05  is the relative permittivity of the dielectric host medium, 
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the coupling strength of the polarization density to the electric field, ij is the lifetime of the 
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Fig. 1. (a) Schematics of the core-shell nanosphere in vacuum with plane wave incident from 
left. The core is made of gain material by encapsulating fluorescent dye molecules (small blue 
particles ) into the dielectric material. (b) The normalized forces on a single gain sphere (with 
radius of 60 nm), a single Ag sphere (with radius of 60 nm) and coated gain sphere with a=50 
nm and b=60 nm. The pumping rate is 
9 1
pump 1.5 10 s
   . In all the calculations, the intensity of 
incident lights is normalized to 1 mW  m
-2. 
We calculate the optical force in the direction of wave propagation acting on the coated 
particle by a uniform plane wave in 0 ˆE e e e
ikz -iωt
xE . For simplicity, the background medium is 
assumed to be air, and we shall use low-power incident light so that the thermal effect on the 
particle can be neglected. For larger particles, higher-order eigenmodes (such as quadrupole 
and octupole) arise and interfere with the dipole modes[29]. Precise calculations of optical 
forces for large spheres can be performed by using Maxwell's stress tensor (MST) , 
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where E and H are the total fields obtained by Mie theory. Then the time-averaged force on 
the nanoparticle is the integration over any surface   surrounding the total coated particle[4, 
5], 
                                Tˆ ds

 F n                                                                       (3) 
where n is the normal outwards direction to the surface . As shown in Fig. 1b, for coated 
nanospheres, two resonant peaks for the pushing forces are found at around 303 nm (bonding 
plasmon resonance) and around 575 nm (antibonding plasmon resonance) due to the 
interaction between the sphere and cavity dipole modes[39]. It should be noted that additional 
resonances arise from higher order modes (such as quadrupole modes at about 457nm  ). The 
pulling force is much larger than that of on a pure dielectric gain sphere. In the following, we 
shall discuss the effect of active core on the pulling force in detail. 
The plasmon response of this core-shell nanostructure can be easily understood by the 
hybridization model[40]. The hybridization between dipolar sphere and shell plasmons gives 
rise to a superradiant plasmon mode and a subradiant plasmon mode. Usually the quadrupole 
mode is suppressed due to the significant optical losses from metal shell. However, the 
dissipative optical loss can be compensated or even overcome by introducing gain materials 
into the system[41]. Once the structure becomes non-dissipative or weak dissipative, 
anomalous light scattering may arise around quadrupole resonance with narrow and giant 
lineshape[42]. The narrow quadrupole mode interfere constructively and destructively with 
the broad dipole mode, giving rise to Fano resonance. As is shown in Fig. 2a, the optical 
forces are increased with the increase of optical pumping at the Fano resonance, and even flip 
its direction when the pumping rate reaches the threshold
9 1
pump 0.8 10 s
   . The E-fields are 
greatly enhanced at the surface of the sphere and show the typical quadrupole pattern. Huge 
excited energies are transferred to the surface plasmon and radiate out like a „lasing 
spaser‟[34, 43]. In Fig. 2b, the Poynting vector lines clearly show that energy flow radiates 
from the gain structure. Two vortices are formed at the backward side of the particle 
(represented by yellow lines) due to the strong interaction of the radiated and incident waves. 
Around the vortices, the streamlines rotate up or down from the xz plane. This counter-
direction propagation cancels most of the field momentum[44] in the backward direction. In 
contrast, radiation in the forward direction (white lines) is emitted without the appearance of 
vortices, which is in favor of increasing forward linear field momentum and hence realizing 
large pulling forces. 
 
Fig. 2. (a) Optical forces on large particles with a=50 nm and b=60 nm. Insets are the electric 
field distributions when the particles are under pulling force. (b) 3D distributions of the 
Poynting vector's magnitude and Poynting vector lines when the pulling force reaches maximal 
at 457nm  . The streamlines demonstrate the trajectory of some representative Poynting 
distribution showing the emitted energy flow from the particle. The black arrows show the 
direction of the Poynting vectors. 
Although far-field scattering of the objects could shed some information on the optical 
force[1], it is hard to explain quantitatively the origin of the pulling force. Besides, stimulated 
emission of radiation in the gain system can be overwhelmingly larger than the scattering 
intensity. The direction of total force has little correlation with the far-field scattering. 
Compared to the above MST method by the application of momentum conservation theorem, 
it is more fundamental to calculate the radiation pressure on an object directly using the 
Lorentz force[45]. The momentum contributions can be separated into forces on bound 
currents and charges (Fb) and on free currents (Fc)[46]. In this paper, we only consider 
nonmagnetic materials, so the bound current density from the magnetization M  and the 
magnetic charge density M  are zero. Then the two parts of the Lorentz force density fb 
and fc can be reduced as follows [46], 
                       b 0 0 R
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where * represents the complex conjugate of a quantity and R I( )   is the real (imaginary) part 
of the relative permittivity in the core or shell. The first and second terms of fb are the force 
contributions from bound electric charges and bound electric currents, respectively. The total 
Lorentz force on the core-shell nanostructure is the sum of the integration of fb and fc over the 
whole structure. In the following, we use the finite element method (COMSOL 
MULTIPHYSIS V.5.0) to obtain the Lorentz force and verify the results from Mie theory by 
MST method.    
In a lossy system, the force density on the bound electric charges and currents fb can be 
positive or negative depending on the polarization P at that position. The force density on free 
currents fc is a pushing force because the incident light attenuates and transfers momentum to 
free currents in the lossy media[47]. However, in a gain medium the light is magnified and 
produces extra momentum to the free currents, resulting in negative fc. When the magnitude 
of Fc is larger than Fb, the total force will become a pulling force and drag the particle 
towards the light source. This also explains why there is a threshold gain for a gain sphere to 
be pulled by a plane wave[17]. If the particle has the same real part of the permittivity as the 
background media, there will be no bound electric charge or current at the boundary. Then fc 
disappears and the threshold gain vanishes as well. 
 
Fig. 3. Forces on a core-shell nanostructure (a = 50 nm and b=60 nm) for different pumping 
rate. The total Lorentz forces are divided into two parts: Fb and Fc, respectively. The results 
from Lorentz force show good consistency with the results from the MST method. The 
observable divergence may due to the vast spatial variation of Lorentz force density[45] when 
the field intensity are greatly enhanced. 
Core-shell nano-structures have the advantage of low-threshold pumping in realizing 
plasmon stimulated emissions. Dipole surface plasmon modes in the metallic shell can be 
excited in this core-shell nanostructure enhancing the electric field in the gain core[34]. 
However, with the increase of pumping rate, the metallic losses from shell are compensated 
around the quadrupole resonance, making the strength of quadrupole mode comparable to that 
of the dipole mode. Then the narrow dark quadrupole mode will couple with the broad bright 
dipole mode, giving rise to a Fano resonance. As is shown in Fig. 3, the induced bound force 
Fb is dominant, while the force on free currents is basically negligible. When the pumping 
rate is increased, the field intensity is greatly increased around Fano resonance. However, the 
enhancement of optical force does not come from the force on free currents in the gain core 
(the force on free currents of the core remains the same), but from the large force fb on the 
metal shell. This is easy to understand: the bound current density b 0/ t ( 1)i      J P E  is 
increased with the enhanced E-field. Large fb corresponds to a large local polarization density.  
 Further increasing the pumping rate, the quadrupole mode and dipole mode will interact 
destructively above Fano resonance. The maximal pulling force is about two orders larger 
than that of a single gain particle. More interestingly, the optical force on core-shell particles 
will not only be greatly enhanced, but also reverse its direction around Fano resonance. By 
tuning the pumping rate, one could switch the pulling force and pushing force on active 
plasmonic nanoparticles. Similar to the pulling-pushing effect on a tapered fiber by 
photophoretic force[48], external pumping may provide an alternative way to transport 
nanoparticles back and forth. The interference of two radiative modes generates a very 
complex near field distribution, presenting optical vortices of energy flow *E H  inside the 
nanoparticle[42]. The handedness of the optical vortex is reversed due to the change of 
interaction ways from constructive to destructive. From Eq. (4), one can see that the 
magnitude and direction of energy flow can alter the force density on induced currents, and 
therefore change the direction of total force. Fig. 4 shows the induce charge distribution and 
current distribution below Fano resonance and above Fano resonance, respectively. Both 
induced bound charges at the core-shell surfaces and induced current inside the particle flip 
around Fano resonance, leading to the reversal of fb. 
 
Fig. 4.  The distributions of Ex (a, b) and charge density (c, d) at the surfaces of core-shell 
particles around Fano resonances. The below Fano resonances (
9 1
pump 0.7 10 s
   ) and above 
Fano resonances (
9 1
pump 1.1 10 s
   ) are corresponding to the red and blue dot in Fig. 3. The 
arrows represent the direction of induced current.  
3. Conclusions 
In conclusion, large optical forces are demonstrated on plasmonic nanostructure particles with 
gain. Pulling and pushing optical force can be switched in different plasmonic modes by 
controlling the incident wavelength. Large enhancements of negative optical force are 
achieved around Fano resonance. The giant negative force mainly roots in the Lorentz force 
on bound currents and charges of the metallic shell. Our work may give deep insight into the 
mechanism of pulling force in gain systems and offer an effective way to obtain large 
negative forces for nano manipulation. 
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